The concept of different compositional biomass is introduced to enhance the binding properties and utilize the use of different seasonal biomasses. The effect of densifi cation on the heating values of single pure and mixed compositional biomasses is observed with and without applying special type of pretreatment named as 'Torrefaction'. The moisture contents and bulk densities were also calculated for these briquettes. The effects of average moisture contents and bulk density (which show the swelling nature) on the heating values are also observed. The experiments have been performed on the pelletizer equipment to form briquetted biomass and bomb calorimeter was used to determine the calorifi c values of different briquettes. Finally, the percentage decrease in the average moisture contents of different categories of torrefi ed briquettes from non-torrefi ed briquettes were also calculated and compared.
INTRODUCTION
The depletion of fossil fuel reserves (especially sweet crude oil) is the major issue in the energy sectors. Researchers are trying to explore environmental friendly and renewable energy resources. In these circumstances, agricultural biomass becomes crucial energy source in the country like Pakistan, where 90% of agricultural biomass is wasted.
Researchers have been trying to develop different techniques to modify the biomass properties since last decade. Among these techniques, torrefaction draws more attention because it can alter the physical properties of the fuel. According to 1, 2 torrefaction was the process that involves in the preheating of biomass under inert environmental conditions up to 573 K. Recently, Chou et al. 3 tried to develop compact and densifi ed solid biomass derived from rice straw; while rice bean was used as a binder. They fi rst crushed the raw material (rice straw) into small sizes ranging from 10 mm to less than 2 mm using a home-made crusher. Briquetting was achieved by compressing crushed rice straw and rice bran in different proportions using piston-mold system. They reported that the heating value of the compressed mass increases as the fraction of rice bran increases. Furthermore, Arias et al. 4 experimentally observed that the moisture contents of the wood based biomass (i.e. eucalyptus) reduced signifi cantly by the application of torrefaction technique.
Phanphanich and Mani 5 moved a step further from it and employed torrefaction technique on forest based biomass (including wood chips and forest residues). They further analyzed the fuel characteristics in relation with torrefaction. The raw material was torrefi ed in the presence of nitrogen to avoid combustion. After torrefaction, crushing was performed heavy duty knife mill. The results of torrefi ed biomass were compared with non-torrefi ed biomass. It was reported by the authors 5 , that the value of energy consumption of grinding mill decreased by 10 times for torrefi ed biomass as compared to untreated material. Furthermore, the heating value was also found to be augmented due to torrefaction. Similar observation were reported by 4, 6, 7 that the power consumption required for grinding the biomass reduced signifi cantly due to the application of torrefaction technique.
Felfl i et al. 8 performed several experiments by employing torrefaction technique using wood briquette. They found that the torrefi ed briquette contains 15% more heating value and 73% less moisture contents as compared to non-torrefi ed briquette. Further, the torrefaction process makes the briquette hydrophobic and it can be feasible to store in a humid environment. Moreover, Wamukonya and Jenkins 9 studied the effect of briquetting process on different biomass (i.e. sawdust, wheat straw of Kenyan origin). They reported that the storage of briquetted biomass is more durable in a humid environment in comparison with non-briquetted biomass. Further, Li et al.
10 studied the effect of compression pressure for producing densifi ed briquette when examined municipal solid waste as raw fuel. They reported that with the application of 100 MPa compact pressure, the moisture contents of the fuel reduced to 15%.
Another drawback of using biomass as a fuel is associated to its low density. This problem increases the cost which is involved in storing, transportation and utilization of biomass. It is suggested that this fi nancial loss due low density of the biomass can be minimized by increasing its density by using pellet mill, extrusion or briquetting techniques
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. Islam et al. 12 applied briquetting technique on different proportion of seasonal biomasses (i.e. rice husks, rice straw, bagasse and sawdust) using screw press. They reported that the utilization and storage of the briquetted biomass was economically more feasible as compare to un-briquetted biomass. Earlier, Werther et al. 13 reviewed the work on the biomass and suggested that the densifi cation results in more effective and effi cient combustion. Kaliyan and Morey 14 reviewed the importance of densifi cation in biomass fuel. They also suggested that densifi cation processes can make the handling of biomass easy.
It can be summarized that different techniques are required to employ the effective and effi cient use of the biomass. In the present studies three biomasses namely; bagasse, rice husk and wheat straw (both in pure and different compositional form) were examined under torrefi ed and non-torrefi ed condition. 
MATERIAL AND METHODS

Raw material
During the present studies, three different kind of seasonal biomasses were used; namely rice husk, bagasse and wheat straw. In fi rst set of experiments pure raw material were used, while in second set different compositions were employed for experiment, see in Table 1 .
The average mass of the sample was 80 grams, while 120 grams amount of starch as a binder was mixed in every sample of biomass.
Processing of raw samples
Rice husk, bagasse and wheat straw were fi rst crushed separately using double roll crusher and then sieved for half an hour to get the average particles size of 2.275 mm. Then the samples were mixed in different compositions as discussed in Table1 and then soaked into the tap water for 4 hours. These samples were dried at 104 o C for half an hour in a Memmert oven (Model no. 300). After drying, each sample was soaked with dilute hydrochloric acid (10%) for 24 hours in order to neutralize the base impurities and then rewashed with distilled water and dried again in the oven at 104 o C for two hours.
placing it in hydraulic compression machine, which was a plunger type thermal dewatering unit. The compression machine was operated at 2800 psig and 80 o C, see Table 2 for further specifi cation. Similar procedure was repeated for non-torrefi ed samples.
Analysis
Moisture contents, bulk density and calorifi c value were determined for all samples of torrefi ed and non--torrefi ed biomasses.
Moisture Contents
The different samples of non-torrefi ed and torrefi ed biomasses were, fi rst, kept in oven for 2 hours and then weighed. After that the same procedure was repeated for 2 hours and weight of the samples was measured again. This process was observed until the weight of the samples become constant. For calculation, the total mass loss of the each sample and percentage moisture content was calculated using equations (1) and (2).
Total weight lost = initial mass of the sample -fi nal mass of the sample (1)
Same procedure was repeated for the samples which were torrefi ed at different conditions of temperature.
Bulk Density
After the briquetting, the regular cylindrical shaped briquettes were weighed on the weight balance and the height of these regular shaped briquettes for different samples was measured having fi xed diameters of 4˝. The volume of the briquettes was calculated using equation (3) . (3) Where V = volume of the sample D = diameter of the briquetted sample H = height of the briquetted sample
The density of the sample was calculated using equation (4) . (4) Where M = mass of the sample ρ = density of the sample
Calorifi c Values
The calorifi c values of each briquette (both torrefi ed and non-torrefi ed) were measured using bomb calorimeter. The small weighted sample was placed in the crucible. The crucible was then placed over a ring while a fi ne Magnesium wire touching the sample which was used for producing a spark. The lid was tightly screwed and bomb was fi lled with O 2 up to a pressure of approximately 25 atm (guage). The crucible was, then, placed in the bomb calorimeter. After the initial 10 min, the fi re time started and sample would be combusted in the next 10 min. The bomb calorimeter was connected to a personal computer, which showed the calculated calorifi c value using software. 
Torrefaction process
For torrefaction all samples were classifi ed into four sets and torrefaction was performed at three different temperatures, i.e. Table 1 . While the fourth set of the samples was kept non-torrefi ed for comparison. The torrefaction process was performed using vacuum oven drier for 20 minutes in the absence of air.
Briquetting process
After torrefaction, the each sample was mixed with fi xed amount of binder (120 grams of starch) and then was briquetted, of fi xed diameter approximately 4˝, by
RESULTS AND DISCUSSION
In the proceeding section, moisture contents, bulk density and calorifi c values of torrefi ed and non-torrefi ed biomasses were graphically represented and discussed.
Effect of torrefaction on moisture contents
The moisture contents for pure torrefi ed and nontorrefi ed biomasses were represented in this section. Figure 1 represents the percentage moisture contents at different torrefaction temperatures for three different biomass, i.e. bagasse, rice husk and wheat straw. The results then compared with non-torrefi ed biomasses of respective materials. It can be observed that the percentage moisture contents of non-torrefi ed biomass is maximum and then it decreases sharply when the respective biomass was torrefi ed at 200 o C. As the torrefaction temperature increases the reduction in the moisture contents was at sluggish rate, see Figure 1 . Further, the rate of the reduction of the moisture contents in case of rice husk was found to be maximum as compared to the bagasse and wheat straw. It can also be noted that the nature of material was important, i.e. the initial moisture contents of rice husk was comparatively high as compare to rest of the chosen biomasses, see equation (5).
(5) Whereas, Figure 2 shows the impact of torrefaction temperature on percentage moisture contents of various combination of biomasses. Similar to pure biomasses, it can be noted, in case of mixed biomass, that the percentage moisture contents was decreased at sharp rate when torrefi ed at 200 o C when the results were compared with non-torrefi ed conditions. The rate of reduction in percentage moisture contents was found to be decreased as the torrefaction temperature was raised. As discussed earlier that the initial moisture content of rice husk was high. In case of mixed biomass, it can be observed that the sample which has high composition of rice husk contents high initial moisture contents.
The initial moisture content of the biomasses depends on the nature of the material and location of the source. The high moisture contents of rice husk were due to its high water absorbing nature, similar observations regarding moisture contents were reported by Islam et al. 12 . The sharp decrease in the percentage moisture contents when the torrefi ed biomass was compared to non-torrefi ed biomass was due to the removal of free moisture which was reside with the material. With the increase in the torrefaction temperature, the chemically bonded moisture also removes with free moisture contents. The torrefaction results in the breakdown of hemicellulose network, which is due to the opening of active lignin sites on the surface results in the removal of chemically bonded moisture contents 6 . It can also change the chemical structure of the material. Furthermore, the rate of the removal of chemical bonded moisture increases with rise in torrefaction temperature.
Effect of torrefaction on the bulk density
In the preceding section, the impact of torrefaction on the bulk density of the pure and mixed proportions biomasses is being discussed. In Figure 3 , it can be noted that the bulk density of bagasse is comparatively high than other respective biomasses, i.e. rice husk and wheat straw. Moreover, the torrefaction results in the augmentation of the bulk densities. Similar trends can be observed in case of mixed biomasses, i.e. the torrefi ed biomass has high bulk density, see Figure 4 .
The high value of the bulk density of non-torrefi ed bagasse is due to the high lignin contents which, act as a binder, tightly pack the biomasses 15 . In case of tor-refaction, as discussed earlier, the lignin sights become active which leads to increase in the lignin contents within the biomass. This increment in the lignin contents improves the binding ability of the biomasses and consequently enhances the bulk densities of the biomasses which was also reported by Gravalos et al. 16 . Similarly, for different compositional non-torrefi ed biomass, the briquettes compose of high lignin contents are more compact and results in high bulk densities. For torrefi ed biomasses, the porosities and moisture reduction results in the enhancement of the bulk densities of the different proportions biomasses 12 .
Effect of torrefaction on the calorifi c values
The calorifi c values of different pure biomasses are being compared for terrifi ed and non-torrefi ed conditions see in the Figure 5 . It can be seen that the calorifi c value of bagasse is high as compared to the other respective biomasses. Further, the rise in the calorifi c value can be seen for all pure biomasses at different torrefaction conditions when compared with non-terrifi ed pure biomasses. It can be observed that the calorifi c values were increased sharply from torrefi ed to non-torrefi ed biomass at 200 o C (torrefaction temperature), while the increment in torrefaction temperature resulted in sluggish increase in calorifi c value see Figure 5 . Same trend is observed for different compositional biomasses, see Figure 6 .
The high calorifi c value of bagasse may be due to its chemical nature, i.e. high lignin contents and ineffi cient burning ability
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. The declination of the moisture contents due to the increment of the torrefaction temperature and reduction in the porosities in the biomasses in tight packing, results in the increase in the calorifi c values of pure and different compositional biomasses as experienced by Jenkins et al. 18 . 
CONCLUSION
In this study, the effect of torrefaction temperature on the bagasse, wheat straw and rice husk (both in pure and different proportions) was experimentally examined. The physical properties like moisture contents, bulk density and calorifi c value were measured and compared for both torrefi ed and non-torrefi ed biomasses.
It can be concluded that: 1. The moisture contents, calorifi c value and bulk density of non-torrefi ed pure and mixed compositional biomasses depends upon the nature of the biomass and its source.
2. Torrefaction results sharp decrease in the moisture contents due the removal of free moisture, which is associated with non-torrefi ed biomass. Moreover, the increment in torrefaction temperature results in depletion of chemically bonded moisture.
3. Torrefaction technique results in the augmentation of bulk density and calorifi c value due to the decrease in the moisture content and increase in the lignin content within the biomass.
It is suggested that the present studies should be further extended to measure the proximate analysis to observe the chemical nature of the terrifi ed biomass and compared the results with non-torrefi ed biomass. 
